Abstract. The Antarctic ozone hole is a cyclical phenomenon that occurs during the austral spring where there is a large decrease in ozone content in the Antarctic region. Ozone-poor air mass can be released and leave through the Antarctic ozone hole, thus reaching midlatitude regions. This phenomenon is known as the secondary effect of the Antarctic ozone hole. The objective of this study is to show how tropospheric and stratospheric dynamics behaved during the occurrence of this event. The ozone-poor air mass began to operate in the region on 20 October 2016. A reduction of ozone content of approximately 23 % was observed in relation to the climatology average recorded between 1992 and 2016. The same air mass persisted over the region and a drop of 19.8 % ozone content was observed on 21 October. Evidence of the 2016 event occurred through daily mean measurements of the total ozone column made with a surface instrument (Brewer MkIII no. 167 Spectrophotometer) located at the Southern Space Observatory (29.42 • S, 53.87 • W) in São Martinho da Serra, Rio Grande do Sul. Tropospheric dynamic analysis showed a post-frontal high pressure system on 20 and 21 October 2016, with pressure levels at sea level and thickness between 1000 and 500 hPa. Horizontal wind cuts at 250 hPa and omega values at 500 hPa revealed the presence of subtropical jet streams. When these streams were allied with positive omega values at 500 hPa and a high pressure system in southern Brazil and Uruguay, the advance of the ozone-poor air mass that caused intense reductions in total ozone content could be explained.
Introduction
Ozone (O 3 ) is the most important trace gas constituent of the stratosphere (Seinfeld and Pandis, 2016) , which along with water vapor (H 2 O) and carbon dioxide (CO 2 ) is responsible for the energy balance of the planet. This element plays a key role in supporting life on the surface of Earth due to its ability to absorb ultraviolet (UV) radiation (Salby, 1996; Dobson, 1968) . Most of the atmospheric ozone content (about 90 %) is concentrated in the stratosphere between 15 and 35 km of altitude (London et al., 1985) in the region known as the ozone layer. Because of the great abundance of this compound at these altitudes, the real concentration of ozone in a particular region on Earth is mainly determined by the southward transport of this compound in the stratosphere (Gettelman et al., 2011) .
High concentrations of ozone in the polar regions rather than in the equatorial region (where there is greater production of ozone) are due to a special type of southward transport known as the Brewer-Dobson circulation. In this phenomenon, air masses of stratospheric origin are transported horizontally from the equator to the poles (Brewer, 1949; Dobson, 1968) . The southward transport of stratospheric ozone is one of the essential factors for the concentration of this atmospheric constituent in certain regions of the planet (Ploeger et al., 2012) . Ozone has been extensively studied by calculating absolute potential vorticity (APV), which is correlated to the transport of chemical constituent traces, such as ozone, nitrous oxide, and water vapor on isentropic surfaces in the lower stratosphere. Potential vorticity (PV) acts as a tracer of large-scale air-mass dynamics and behaves as a material surface where the potential temperature is conserved (Hoskins et al., 1985) . In the lower region of the stratosphere, the lifespan of O 3 molecules is longer, which allows them to be used as tracers in the study of air-mass flows in the stratosphere-troposphere exchange (Bukin et al., 2011) . Chubachi (1984) and Farman et al. (1985) have reported massive destruction of ozone content during the spring in the Southern Hemisphere, which is currently known as the Antarctic ozone hole. This temporary destruction directly influences ozone content in polar regions and their vicinities due to the passage of the polar vortex border over these regions, causing drastic reductions in ozone content and increasing levels of UV radiation that reaches the surface of Earth (Casiccia et al., 2008) . Additionally, these effects can also reach regions of medium and low latitudes, causing temporary decreases in total ozone column and abrupt increases in UV radiation levels. Ozone-poor air masses are released from the interior of the Antarctic polar vortex near the edge of the ozone hole in a phenomenon known as the secondary effect of the Antarctic ozone hole (Marchand et al., 2005) . This phenomenon results in a temporary drop of ozone content, which was first observed by Kirchhoff et al. (1996) in southern Brazil.
Climatic conditions in southern Brazil are strongly influenced by transient meteorological systems, including frontal systems, which are an influence not observed in any other regions of the country (Reboita et al., 2010) . These frontal systems bring strong western winds at high tropospheric levels (between 9 and 13 km of altitude) called subtropical or polar jet currents. Such currents play an important role in the vertical distribution of ozone and are considered the main tropospheric pattern directly linked to the transport of ozone from the stratosphere to the troposphere. Thus, the ozone total column (OTC) depends on meteorological dynamic factors, which in turn depend on seasonal variations at a synoptic scale (Bukin et al., 2011) . Understanding the patterns of both influences has become increasingly important to understand how these events occur and behave. Additionally, there is possibility of a linkage of some meteorological phenomena during events of influence of the Antarctic ozone hole (Ohring et al., 2010) . Therefore, the present study aimed to analyze stratospheric and tropospheric dynamics during an extreme event of influence of the Antarctic ozone hole that reached southern Brazil in October 2016. According to this information, the results presented here show the importance of studying and analyzing these events of influence of the Antarctic ozone hole, mainly on populous regions such as Uruguay and southern Brazil.
Methodology

Study region, instruments, and methodology
The main region of study was the central region of the state of Rio Grande do Sul, Brazil. The main surface instrument to measure ozone levels was the Brewer MkIII no. 167 Spectrophotometer, which is located at São Martinho da Serra at the Southern Space Observatory -OES/INPE (29.4 • S, 53.8 • W; 488.7 m).The Brewer Spectrophotometer is an automated surface instrument that measures global solar radiation in the type B ultraviolet (UV-B) band for five wavelengths (306.3, 310.1, 313.5, 316.8, and 320 .1 nm), where every 0.5 nm determines the spectral distribution of the incident radiation intensity. This instrument enables the deduction of the total column of the following atmospheric gases: ozone (O 3 ), sulfur dioxide (SO 2 ), and nitrogen dioxide (NO 2 ). Data from the Ozone Monitoring Instrument (OMI) satellite were also used for the same location of analysis for days since no surface instruments for the measurement were available from OMI-ERS2/NASA (2017). The OMI satellite instrument was launched in July 2004 on board the ERS-2 satellite. It continued the TOMS satellite records that ended activity in 2005 for the OTC and other atmospheric parameters related to ozone, such as NO 2 and SO 2 . This instrument can distinguish between different types of aerosols, such as smoke, dust, and sulfates. In addition, the instrument measures pressure and cloud cover. Peres et al. (2017) reported good cor- relation between these two types of data used, surface instrument (Brewer) and satellite instrument (OMI), which further confirms the reliability of these data for the study region.
For the analyses of tropospheric and stratospheric dynamics, daily data from the European Centre for MediumRange Weather Forecasts (ECMWF) platform were used. These data were taken from ECMWF/ERA-Interim (Dee et al., 2011) . Hence, analyses of tropospheric dynamics and meteorological fields were generated with aid of the public domain software Grid Analysis and Display System (GrADS). The meteorological fields generated are as follows: (i) the pressure at mean sea level and thickness between 1000 and 500 hPa, (ii) the horizontal wind cut at 250 hPa and omega values at 500 hPa, and (iii) a vertical section of the atmosphere of potential temperature (in Kelvin) and wind (in m s −1 ) for the longitude of 54 • W. In order to complement these data, GOES satellite images available at CPTEC/INPE (2017) were analyzed in the thermal infrared channel and also in the water vapor channel in order to better verify the tropospheric patterns during the days of influence events of the Antarctic ozone hole.
Analyses of stratospheric dynamics also included daily data available on the ECMWF/ERA-Interim platform where absolute potential vorticity (APV) fields were analyzed on isentropic surfaces for three different potential temperature levels: 530, 600, and 700 K (Kelvin). The potential vorticity (PV) acts as a dynamic tracer of large-scale air masses where the potential temperature is conserved and used as a horizontal coordinate (HOSKINS et al., 1985) . Thus, PV is used in studies that correlate potential vorticity with chemical constituents such as ozone, water vapor, and nitrous oxide on isentropic surfaces (adiabatic surfaces where the potential temperature remains constant as temperatures and pressure vary) in the lower troposphere (Schoeberl et al., 1989) . This type of analysis aims to verify whether the air masses are originated in the Antarctica region, showing an increase in APV considering the previous days of the event, or in the equatorial region in the case of an APV decrease (Semane et al., 2006) . Images from the OMI satellite (OMI-ERS2/NASA, 2017) were also used. 
Stratospheric analysis
The first step was to extract the daily average of the total column of ozone obtained from ground-based and satellite instruments mentioned above. We identified days that the average daily value of the total ozone column were lower than the climatological average of the month analysis −1.5 of its standard deviation (µi-1.5σ i). Herein, µi is the climatological average for the month of interest, σ i is the standard deviation, and −1.5 is the criterion chosen from normal frequency distribution tests (Wilks et al., 2006) . The climatological mean used in this study was from 1992 to 2016. The climatological mean and standard deviation for October at the station of the Southern Space Observatory (OES/INPE) was 291.0 and 10.3 DU, respectively.
After identifying days of reduced ozone concentration, isentropic analysis of APV was carried out from ECMWF reanalysis data for one day before and one day after the event. Maps (Fig. 2) were generated for different levels of potential temperature: 530, 600, and 700 K. An improvement in the ozone-poor air mass for Uruguay and southern Brazil was observed. Ozone depletion was observed to be more evident at MIMOSA (Modélisation Isentrope du transport Mé-soéchelle de l'Ozone Stratosphérique par Advection). MI-MOSA is a high-resolution model developed by the Service d'Aéronomie in the framework of the European METRO (MEridional TRansport of Ozone in the lower stratosphere) project. A complete description of MIMOSA was published by Hauchecorne et al. (2001) . The model principle is based on the advection of Ertel potential vorticity (EPV) by using meteorological fields from ECMWF or NCEP data. In the lower stratosphere, EPV is assumed to be conservative on isentropic surfaces for periods of about one week (Orsolini, 1995) . For longer periods, diabatic transport across isentropic surfaces occurs due to radiative cooling and warming of air masses; thus, the diabatic advection term should be taken into account in the EPV equation (Bencherif et al., 2003; Semane et al., 2006 ). The MIMOSA model produces advected APV files at different isentropic surfaces and for global spatial coverage. Although the MIMOSA APV is not the real EPV but a quasi-passive potential vorticity, it gives a consistent view of isentropic transport of air masses due to planetary wave breaking in the stratosphere (Bencherif et al., 2007) . For the present case study, APV fields from MIMOSA were used to follow air-mass transport before and during the low ozone event observed on 20 October 2016.
Tropospheric analysis
After identifying the event, it was the aim that the tropospheric fields show how the troposphere behaved before, during, and after the secondary effect event of the Antarctic ozone hole identified in southern Brazil. The pressure fields at sea level and the layer thickness between 1000 and 500 hPa were obtained to verify which synoptic systems were acting during the event. The presence of the jet is intended to be shown in the field of horizontal winds at 250 hPa and omega values at 500 hPa. In addition, we identified the ascending and descending motions on the surface. Another field analyzed was the vertical cut of the atmosphere at different levels of potential temperature (in Kelvin) and wind (in m s −1 ) for the longitude of 5 • W. In this case, the jet current is present in higher levels of the troposphere, which assists in changes of air from the stratosphere to the troposphere.
Results and discussion
The Antarctic ozone hole directly influences the Antarctic region where its levels can reach values below 220 DU according to Hofmann et al. (1997) . On the other hand, the region highlighted in this study (southern Brazil and Uruguay, at average latitude) suffered indirectly because of this phenomenon. The ozone total column reached a minimum value on 20 October, revealing a possible influence of the Antarctic ozone hole over southern Brazil, as observed in Fig. 1 . The event reached southern Brazil on 20 October 2016 (Fig. 1) , when the minimum value obtained by the ground-based instrument (Brewer Spectrophotometer) was 225.5 DU (Dobson units), which shows approximately 23 % of reduction in ozone content in relation to climatology data for the month analyzed. On 21 October, ozone-poor air mass remained in the study region, although with less intensity, registering 233.0 DU with a reduction of 19.8 % in relation to the climatology data for the month analyzed. This decrease in ozone content on 20 and 21 October with a slight recovery can be observed in Fig. 1 . The black line at 291 DU represents the value of the climatological average for October, where during approximately the whole month the content remained with values below the climatological average. This event was identified as one of the largest ever recorded in southern Brazil, which was similar to the first event observed in the region by Kirchhoff et al. (1996) .
Stratospheric dynamic analysis from 19 to 21 October indicates the advance of an ozone-poor polar air mass in southern Brazil at different potential temperature levels (Fig. 2) . APV analysis for the three potential temperature levels used in this study can be seen in Fig. 2 : 530 K (panels a, b, and c), 600 K (panels d, e, and f), and 700 K (panels g, h, and i). Here, the use of APV at potential temperature levels is due to its ability to function as a dynamic tracer of largescale air masses, keeping the potential temperature constant (Hoskins et al., 1985) . These stratospheric fields show the polar origin of the air mass mainly due to the APV increase from 19 to 21 October in the region of interest (black triangle), thus confirming the occurrence of the event in southern Brazil. Due to its intensity, the air mass persisted in the regions of analysis on 21 October, where the minimum registered ozone content was 233.0 DU, which represents a reduction of ∼ 19.8 %. In addition, the results from the MIMOSA model (Fig. 3) show the direct influence of the ozone hole in southern Brazil at 550 K of potential temperature and approximately 22 km in height. The MIMOSA model retrieved the APV contours shown in Fig. 3 for October 2016 (19, 20, and 21) at 550 K isentropic level (Fig. 3) . Because of the change of the APV sign from one hemisphere to another, the colors are reversed in the figure panels on the right (Fig. 3b, d , and f), representing the situation over South America. The blue color indicates the extension of polar air masses up to southern Brazil. Another model of analysis that showed the displacement of the ozone-poor air mass over southern Brazil was the HYSPLIT/NOAA model. It showed the backward trajectory of polar air mass, as observed by Bresciani et al. (2018) . The images of the OMI-ERS2 satellite (Fig. 4) also showed the influence of the Antarctic ozone hole in Uruguay and southern Brazil, where the extension of the area of the hole over the study region can be observed in shades of purple and blue. This information confirms the indirect influence of the Antarctic ozone hole on Uruguay and southern Brazil. As a consequence, a temporary decrease in ozone content was caused on the days of the event.
After identifying the occurrence of the Antarctic ozone hole event in southern Brazil and Uruguay through the analysis of stratospheric dynamics, the following step was to identify which synoptic systems and circulation patterns occurred during the this event. For tropospheric dynamics, the pressure field at mean sea level and thickness between 1000 and 500 hPa can be observed in Fig. 5 . Areas highlighted in grey represent pressure -the darker the shade of grey, the lower the surface pressure. Dashed lines represent thickness in units of decameters. The passage of a frontal system over the study region can be observed (Fig. 5a) on 19 October. The arrival of a high-pressure system after the frontal one began to stabilize the atmosphere on 20 October, which indicates a downward movement on the surface. This frontal system operated in the region until 20 October (Fig. 5b) , where it began to move towards the ocean. This day presented the largest reduction of ozone content since the mass of air reached southern Brazil and Uruguay. Due to the displacement of this frontal system to the ocean, southern Brazil was under the influence of a post-frontal high-pressure system stabilizing the atmosphere. For 21 and 22 October (Fig. 5c and d) , the region was still under the influence of this high-pressure system, where the mass of ozone-poor air that had already reached the region on 20 October day persisted.
After analysis, tropospheric pressure fields were observed at mean sea level, thickness between 1000 and 500 hPa, horizontal cut at higher atmospheric levels, wind at 250 hPa and omega values at 500 hPa, jet stream (grey scale in m s −1 ), and vertical movement (omega values, solid and dotted lines); see Fig. 6 . These fields show the operation of the subtropical jet stream since 19 October (Fig. 6a) . The study region, represented by the yellow triangle, was under the influence of a low-pressure system until 22 October (Fig. 6d) , when the frontal system moved to the ocean. The presence of negative omega values at 500 hPa on 19 October also reinforced the performance of the front surface system. On 20 and 21 October ( Fig. 6b and c) , the scenario changed as the subtropical jet flow at 250 hPa was still operating in the region, although with negative omega values at 500 hPa positioned near the polar entry region of the subtropical jet stream. Together with the displacement of the frontal system ( Fig. 5b and c) , this stabilized the atmosphere where downward movement of the air at low levels is observed. The presence of negative omega values at 500 hPa on 19 October also reinforced frontal surface system performance. On 22 October, we observed a total displacement of the frontal system and the subtropical jet stream to the ocean on the pressure fields at medium sea level and thickness between 1000 and 500 hPa (Fig. 5d) as well as in the fields at high wind levels at 250 hPa and omega values at 500 hPa (Fig. 6d) . This way, southern Brazil and Uruguay were under the influence of a high-pressure system on the surface that, along with the positive omega values at 500 hPa, helped stabilize the atmosphere.
The vertical cut of the atmosphere between 1000 and 100 hPa can be observed in Fig. 7 . The objective of this field is to analyze the presence of the subtropical jet stream through isentropic levels of potential temperature. The shaded area refers to the presence of the jet stream at high levels. The highlighted black line is the Kelvin potential temperature isolines. The presence of the subtropical jet stream was present on 19 October (Fig. 7a) and 20 Octo-ber (Fig. 7b) , where the lowest concentration value of ozone was recorded for the study region. Additionally, the advance of the jet stream into the ocean can be observed on 21 October (Fig. 7c) . For 20 and 21 October, it can be observed near 30 • S, which indicates a frontal ramp where there is air intrusion from the stratosphere to the troposphere. The highlevel fields (Fig. 6) showed the presence of subtropical jet flow at 250 hPa, which, combined with positive omega values at 500 hPa, intensified downward movements and transport of air from the stratosphere to the troposphere (Sthoel et al., 2003) . The vertical fields (Fig. 7) for the days of analysis showed the presence of the jet stream at high levels, reaffirming the importance of this circulation for the vertical transport of chemical components such as ozone (Bukin et al., 2011) .
The images of thermal infrared channel via GOES 13 satellite at 18:30 UTC (Fig. 8 , in blue and pink shades) showed cloudiness on 19 October (Fig. 8a) advancing over southern Brazil to the ocean. For 20 and 21 October, the presence of a high surface pressure system (Fig. 4) , together with the presence of the subtropical jet stream at 250 hPa (Fig. 5 ) and positive omega values at 500 hPa (Fig. 6) , favored air stability, leaving southern Brazil and Uruguay without any significant cloudiness.
Tropospheric dynamics showed that the study region was under influence of a frontal system days before the arrival of the mass of ozone-deficient air in the region of Uruguay and southern Brazil. At the surface, the presence of a highpressure system favored atmospheric stability, where the presence of the subtropical jet stream at 250 hPa, along with positive omega values at 500 hPa, helped explain this intrusion of low ozone air from the stratosphere to the troposphere. Therefore, tropospheric conditions also have a strong influence on the ozone content over midlatitude regions since the jet stream acts as the main tropospheric circulation pattern responsible for transporting stratospheric ozone, playing an important role in the vertical distribution of ozone.
Conclusions
The results obtained in this study show that the methodology used (combined ECMWF reanalysis data and stratospheric and tropospheric dynamics analyses) confirms the occurrence of an extreme event of influence of the Antarctic ozone hole on Uruguay and southern Brazil. The data of the total ozone column showed an intense reduction of its content, especially between 20 and 21 October 2016, where an increase in the potential vorticity was detected at three different levels of potential temperature. In addition, results obtained through MIMOSA also showed an increase in APV over the study region.
In the troposphere, the event occurred after the passage of a frontal system over southern Brazil and Uruguay, where the presence of the jet stream at higher levels helped explain the exchange of air from the stratosphere to the troposphere. For future studies, the objective is to show how often these events occur after the passage of frontal systems as well as to show the subtropical or polar jet stream that most influences the exchange of air masses between the stratosphere and the troposphere during the occurrence of events of ozone depletion.
Data availability. Ozone surface data (Brewer Spectrophotometer) are not available on international networks. For further information, contact the corresponding author, or send an email to José Valentin Bageston (jose.bageston@inpe.br). Satellite data are available online at OMI-ERS2/NASA (2017). Weather data (ECMWF/ERA-Interim, 2017) are available online after registering at http://apps.ecmwf.int/datasets/data/interim-full-daily/ levtype=sfc/. The CPTEC/INPE satellite images are available online at http://satelite.cptec.inpe.br/acervo/goes16.formulario.logic (CPTEC/INPE, 2017) .
